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FOREWORD

This interim technical report describes the effort conducted by
Vought Corporation under Contract F33615-78-C-2018. The effort was
sponsored by the Air Force Aero Propulsion Laboratory, Air Force
Wright Aeronautical Laboratories, Wright-Patterson Air Force Base,

Ohio.

The work reported herein was performed during the period 1 July 1978
to 15 June 1979 under the technical direction of J. R. Perkins (Vought
Corporation), Project Engineer. The report was prepared by A. J. Marek

and D. E. Lautner.

Sundstrand, General Electric and Westinghouse were retained under
subcontract to provide pertinent data, information and consultations

on the program primarily in the areas of power generation and control.

This report covers phase 1 of a planned two phase program concerning

power system control technology. Phase I scope was directed toward
evolving power system configurations for single and multi-engine aircraft
for the 1980 to 1990 time period. Phase II will address developing detail
designs, preparing analytical models and performing stability analysis on

the single and multi-engine systems.
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SECTION I

INTRODUCTION

1.1 BACKGROUND

As aircraft capabilities continue to expand and the cost of manned aircraft

systems rapidly escalate, the electrical system 1s called upon to provide

higher quality and more reliable power at lower cost. This has arisen mostly

from avionic equipment sophistication which requires uninterrupted power for

many flight critical loads as well as many mission completion loads. Additionally,
the avionic equipment sophistication requires controls which tax the capabilities
of crew members. To alleviate the crew workload problem, the trend has been toward
automation of control functions. Consequently, the electrical system has become
highly advanced and complex with the use of solid state switching components in
conjunction with computer control technology. A computer controlled solid state
distribution system known as EMUX (Electrical Multiplexing) has been developed

and implemented on a large aircraft (B-1). This system does not, however, control
the generators or main bus contactors. Integration of these control functions can
become complex and the total system may have instabilities which could lead to

failures and even total loss of electrical power if not applied correctly.

Solid state power controllers have been developed and this technology is now
considered off-the-shelf. However, additional efforts are being made to improve

performance and to lower the life cycle cost of these components.




Advanced electrical power generator/starter systems have been developed. One
starter/generator concept utilizes rare earth permanent magnet solid rotors along
with solid state electronics to generate three-phase 400 Hz power and provide
engine start capability. Another concept known as Integrated Starter Drive (ISD)

utilizes a modified CSD configuration to provide a hydrostatic drive capability. |

Other advanced technologies include microprocessor implementation of generator

control functions, automatic load management via EMUX, hybrid bus controllers and

static inverters which enhance the capability for providing an uninterrupted power

bus. ﬂ

1Ly PROGRAM OBJECTIVES

The objective of this program phase was to evolve a reliable, fault tolerant
system through the integration of advanced generator control, regulation and
protection functions; and application of advanced power distribution, bus control
and protection techniques. More specifically stated, the objective was to evolve

and apply technology for a cost effective generator control system which will not

sustain cascading type faults that might lead to complete loss of electrical power.

Emphasis was placed on utilizing advanced technologies such as the electrical mul-

tiplex system (EMUX) for control functions, the permanent magnet VSCF and advanced
IDG starter/generators, microprocessor control of generator and buses, and solid

| state power control and protection components.

- A ——————. .- . ~ &
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1.3 METHOD OF APPROACH

The study is divided into two phases. In general, during Phase I various

, , ,

integrated control techniques which have application in aircraft electrical
power systems were studied, and an assessment of their stability and cost
effectiveness was made. Electrical control system performance requirements
were established, design philosophies for the application of these systems in
advanced technology aircraft were established, and a preliminary design of an
integrated control system was made. During Phase II, a detailed design of an
electrical system for a single engine and multi-engine aircraft will be made.
Finally, a stability analysis will be conducted on each of the two designs to

verify their performance capability.

More specifically, the method of approach to the power system control study during

Phase I was as follows:

o Conduct technology survey - This included a review of existing reports

specifications, etc., and to a greater extent a review of data
furnished by manufacturers of advanced technology electric systems.

o Establish Electric System Requirements - Performance requirements

were established for a single engine and a multi-engine aircraft.
These requirements are based on known and projected missions for
the 1990 operational time period.

o Conduct trade studies - Various trade studies were conducted. These

include power generating concepts (VSCF, CFG, IDG, CSD), generator
control concept (Microprocessor, EMUX), electric engine start
concepts, EMUX processor redundancy requirements and power bus

arrangements.

.
<
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Develop Preliminary Designs - A preliminary design was developed for
a single engine and a multi-engine (4) electrical systems. The
designs were based on results of the trade studies, data supplied

by electric power system manufacturers and evaluated control concepts
which were determined to be the best for meeting the established

system requirements.




SECTION II

SUMMARY

In this study, advanced system concepts were examined. Such concepts include
the use of (1) solid state switching in areas of power generation and control,
bus and load switching, and signal sensing; (2) engine electric start implemen-
tation; (3) smart terminal (microprocessor controllers) applications in the
areas of the GCU, Universal Multiplex Terminal, and integrated load management
center designs; (4) dynamic load management and generator control via the EMUX
sensory and data processing capabilities; (5) distributed load management; (6f

automated and continuous Built-in-Test; and (7) MIL-STD-1553 compatible multi-

techniques. In addition, fundamental electrical system considerations as

governed by MIL-STD-704 and AFSC DH 2-3 were examined. Emphasis was placed on
utilizing new technologies in deriving an advanced electrical system which provides
improved performance and higher quality power primarily in the areas of reduced
voltage transients and power interruptions, than is presently achievable in

conventional systems as defined by MIL-STD-704.

plexing using TSP (Twisted-Shielded Pair) and F/O (Fiber Optic) data busing
Two power generating concepts (cycloconverter VSCF and IDG) were determined to be

the best for the 1980-1990 time period electric systems. Electric engine start

provides advantages over the more conventional self start concepts under certain
conditions. The EMUX controlled power distribution system offers definite

advantages over the conventionally implemented distribution system. Providing a

true '"gapless power" AC bus is not possible although the power interruption time F




can be significantly reduced over that allowed by MIL-STD-704. Solid state

and hybrid bus controllers are practical for certain applications.
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SECTION III

ELECTRIC SYSTEM REQUIREMENTS

This section establishes the electric system performance requirements for a

single and a multi-engine electric system. The requirements establish a

framework or baseline for subsequent analysis of control concepts and candidate
systems. The rationale was to first establish system requirements and then update
or modify the requirements for a specific mission. It is intended that this modi-
fication can be implemented without changing the basic power system control

philosophy established for either the single engine or the multi-engine aircraft

electric system.

3.1 SINGLE ENGINE AIRCRAFT

The single engine aircraft in the 1990 time frame is visualized as a multi-mission
vehicle which can be reconfigured to meet a mission of reconnaissance, ground
support, electronic-warfare, or fighter. The basic equipment complement includes
data processors, navigation and flight controls (fly-by-wire), actuators, communi-
cation and weapon systems. The approximate power source requirement is 60 KVA.

Performance requirements established for the electrical system are categorized as

follows:

1. No single failure shall cause the loss of all electric power or be

hazardous to flight safety.

2. The electric system shall provide sufficient power to permit safe

recovery of the aircraft with the main power source inoperative.

T ;i *Fnn "‘“_\r—-——--—v-vm —— . - i :t.\ 'i“ ¥ A ,‘“‘;&ﬁi,
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The auxiliary power source shall operate independent of the engine.

Physical and electrical isolation shall be maintained between major
power management centers,

No single feeder fault shall cause the complete loss of power to
any load management center (LMC).

A "gapless' power bus with sufficient capacity to supply power to
loads which are sensitive to power interruptions shall be provided
(power interruptions, if present, shall not exceed 20 milliseconds).
The electric system shall provide sufficient continuous ground
power independent of the engines to operate all maintenance and/or
ground related loads.

An engine self-start capability shall be provided.

The electric system shall contain provisions for the automatic
application and removal of loads in groups not exceeding 25 percent
of main power source rating.

The predicted reliability of the electric power system in providing
power to the bus and to all utilization equipment required for the
safe return of the aircraft shall not be less than 0.9998 and 0.998
respectively.

The predicted reliability of the electric power system in providing
power to the bus and to all utilization equipment required for
completion of a specified mission shall not be less than 0.995 and

0.990 respectively.




3.2 MULTI-ENGINE AIRCRAFT

The multi-engine aircraft is a four engine vehicle with a multi-mission

capability for use in the 1990 time period. The basic equipment complement

includes data processors, navigation and flight controls (fly-by-wire), actuators,

motors, communication equipment and weapon systems. The approximate power

source requirement is 90 KVA. The performance requirements are categorized as

follows:

1.

No single failure shall cause the permanent loss of more than one
generating channel nor prevent the aircraft from completing its
mission.

Any combination of two failures shall not cause complete loss of
power.

The electric system shall support safe recovery of the aircraft with
all main generating channels inoperative. The auxiliary power source
shall operate independent of the engines.

Physical and electrical isolation shall be maintained between major
power management centers.

A single feeder fault shall not cause the loss of rated power to any
load management center.

Any combination of two feeder faults shall not cause the loss of all
power to any LMC.

The normal mode of operation shall be "synchronized and isolated".

Parallel operation capability may be required for specific missions.




J 8. A '"gapless" power bus with capacity sufficient to support continuously
those loads which are sensitive to power interruptions shall be
provided. (Power interruptions, if present, shall not exceed 20

milliseconds.)

i 9. The electric system shall provide sufficient continuous ground power
independent of the engines to operate all maintenance and/or ground
related loads.

10. An engine self-start capability shall be provided.

11. The electric system shall contain provisions for the application and
removal of loads in groups not exceeding 25 percent of one generating
channel rating.

i 12. The predicted reliability of the electric power system in providing

power to the bus and to all utilization equipment required for the

safe return of the aircraft shall not be less than 0.99995 and

i 0.991 respectively.

i 13. The predicted reliability of the electric power system in providing

power to the bus and to all utilization equipment required for

A completion of a specified mission shall not be less than 0.9998 and

0.980 respectively.
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SECTION IV

PRELIMINARY SYSTEM DESIGN

The following paragraphs define 'baseline'" electric system concepts for a

single engine aircraft and a multi-engine aircraft. These concepts were
established to meet the study objectives and proposed system requirements giygn
in Sections I and III, and were derived from trade studies and data suppiiéé by
generator system manufacturers. It should be nogeqrthat the defined concepts may
or may not apply for all aircraft wéggbn systems. Definition and evaluation of
specific weapon system mission and performance requirements will dictate which

of the electric system features are to be implemented.

4.1 SINGLE ENGINE AIRCRAFT

The electric system for a single engine aircraft is defined to consist of the

following:

1. One main AC generating channel rated for 60 KVA with a microprocessor
implemented GCU for improved logic control and self test capability.

2. Engine electric self start capability.

3. One APU rated for total essential AC load, maintenance AC load or
engine start load, whichever is greater.

4, One static inverter rated for total 'gapless power'" load.

5, One battery rated to provide gapless power to all loads requiring
no power interruption. The battery powers loads during the time

after main generator shutdown and prior to APU start-up.

11
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6. Five load management centers (LMC's); each center supplied
power with a main AC (30) feeder and an auxiliary AC (3¢) feeder.
7. Normal mode of operation of inverter is '"standby' and synchronized
to the main AC bus. Time required to switch to "standby" bus is

20 milliseconds maximum.

8. Solid state load controllers are used to control and protect load
power circuits.
9. Control of power to individual loads is by EMUX. The EMUX system
consists of the following:
o Two Processors
o Approximately 11 MUX/DEMUX (Universal) Terminals of 64 channel
capacity each.
o One Maintenance Panel
o One Control Panel
o A Redundant Data Bus
10. System contains capability of sequentially removing individual

loads in accordance with a preset priority for load management.

A functional schematic of the baseline system for a single engine (one channel)

aircraft is shown in Figure 1. The system consists of three major sub-systems

which are: power generation, power bus management and power distribution with

EMUX control. These are described in the following paragraphs.

4.1.1 POWER GENERATION

The primary power system consists of an advanced technology generating

system which employs either the IDG or permanent magnet VSCF (cycloconverter)

12
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concepts to provide high quality AC power. Generator control consists of an
advanced technology Generator Control Unit (GCU) which contains all the circuitry !
necessary to perform the voltage regulation, control, and protection functions

of the generating system. In addition, built-in-test circuitry is included to l

aid in on-aircraft fault isolation. Identical GCU's are employed for the engine

e

and APU driven systems. A microprocessor is used within the GCU to provide
! extensive BIT capability with minimal increase in hardware complexity. 1In this
application area the software element is also minimal as (1) it will reside as
firmware and (2) it should undergo very few revisions. The microprocessor

implemented GCU interfaces with the EMUX system via the MIL-STD-1553 data bus.

This EMUX interface allows corrective action to be taken by the automatic load

el

shedding system when the GCU shows such action will prevent a system shutdown.
No pilot action is required. The GCU also interfaces with a maintenance panel
via the data bus where data is stored to assist maintenance personnel. This may

be either a panel dedicated for EMUX or a CITS (Central Integrated Test System)

interface.

The line bus controller function is implemented with an electromechanical

) contactor. Similarly, external power switching and bus tie functions are imple-

mented with electromechanical devices.

The emergency AC power system consists of an advanced technology generator, GCU
} and an electromechanical bus controller. The generator is driven by an APU and

is interfaced with EMUX similar to the primary AC system to provide automatic

corrective action in the event of imminent generator failure. The data is also

stored to assist maintenance personnel in accomplishing corrective maintenance

14
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actions. The APU driven generator is rated for total maintenance load, total

essential load or engine start load, whichever is greater.

A static inverter in conjunction with a battery is used to supply power to

loads in the event of momentary power loss and is rated to supply power to those

loads which are sensitive to power interruptions.

The inverter operates in a

"standby" mode, is synchronized to the primary system and is switched to the bus

!; by a solid state or hybrid bus controller to limit the power interruption time

generating system failure.

intercoms and communication sets.

requirement will likely persist into the future.

15
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Main DC power is not provided on a system basis for either the primary or \

to less than 20 milliseconds. The battery is rated to supply power to the inverter

for the time duration required to bring the APU on-line in the event of a main

emergency systems. The quantity of DC power being used has diminished with ‘
advancements in weapon system designs to the level that an all AC system can be |
projected for the late 1980's. The only condition remaining in the 1980's which !

implies a need for DC power is the typical requirement for ground operation of

In the past, a portion of the aircraft communication system has been powered from
a battery bus to permit ground operation independent of the engine, APU or external
power cart operation. Operation from this alternate power source was desirable

particularly during stores loading or while holding for take-off clearance. This

N T—
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o 4.1.2  ENGINE ELECTRIC START

! Engine electric start is a viable option with either the VSCF and IDC generating

system concepts. In the cycloconverter VSCF system, motor action is accomplished
with either a wound rotor or permanent magnet rotor machine. However, it is more

difficult with a wound rotor machine since excitation power must be transferred to

T T TS Y Iy M T e
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the rotor even at zero speed. To overcome this problem, a control concept is

iz employed which allows the machine to operate as a wound rotor induction motor in
the start mode and as a synchronous machine in the generate mode. This problem

is non-existent with the permanent magnet rotor machine (PMG) since it supplies

its own excitation. The PMG system can provide start torque with the machine

operating either as a synchronous motor or a brushless DC motor. The DC motor

equivalent is preferred because of better torque characteristics.

Electric engine start in an IDG system is implemented by initially operating the
machine as an induction motor. This is done with very little load on the motor by
maintaining the variable displacement pump of the drive at approximately zero
stroke. When the motor is near rated speed, motor operation is electrically
changed to that of a synchronous motor. The drive hydraulic pump units are
controlled by a servo-valve to provide sufficient engine cranking torque needed

to overcome the engine inertia. Once ignition occurs, the engine becomes self-
sustaining but cranking torque is maintained until starter cut-out speed is
reached to minimize the acceleration time. When the engine reaches the underspeed
point, the servovalve returns to the generating system mode of governing the speed

of rotation and the machine operates as a generator.

16 g'




4.1.3 POWER BUS MANAGEMENT

Power bus management consists of five load management centers (LMC's), each center
being supplied power with a main AC (3@) feeder and an auxiliary AC (3@) feeder.
This feeder redundancy is provided for those loads essential for safe return of
aircraft in the event of a feeder fault. Feeder faults are isolated with the
combined use of fuses, circuit breakers, RCCB's and electromechanical contactors.
Solid state power controllers are not practical for this function because of the
relatively high voltage drop and resulting high power dissipation. Hybrid power
controllers appear practical but these devices have not been fully developed to
date. An overview of the bus management system operation is given in the follow-

ing paragraphs.

When the aircraft is on the ground without ground power connected and without
engine or APU operating, limited power is provided for radio and intercom communica-
tions. This power is available from a battery and static inverter under manual
control by the pilot. Figure 2A illustrates the bus power flow paths for this
condition. A bus controller between the hot battery bus and the booster-inverter
is "closed" via a pilot-activated switch. The booster-inverter energizes the
standby bus and power is routed to the connected LMC's. Any '"normally closed"
SSPC's on an energized LMC bus will permit power to flow to the connected
utilization equipment (e.g., intercom or radio). This allows operation of limited

loads with the EMUX system turned off.

Figure 2B illustrates the engine start sequence. As shown, a pilot controlled

RCCB feeds DC power to the APU electric starter. The APU fires up and energizes

17
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the emergency generator. The APU starter RCCB is opened and the engine crank

sequence is initiated with the cockpit throttle control. The throttle control
actuates the starter bus contactor and the safety contactor thus permitting
power to flow into the engine turbine. With engine ignition, the two safety

contactors are deenergized.

Power from the main generator then flows to the main power bus as shown in

Figure 2C. The generator/bus control unit regulates the power quality (and
synchronizes with the inverter) and routes power to the various LMC's. In
addition, power from the main bus is fed to the emergency bus unless overridden
by the pilot. This provides a redundant feeder path from the main generator to
each LMC. The APU driven generator is then shut down. Once main generator power
enters the LMC, it passes through a bus contactor and is fed to the AC three phase

buses.

With loss of the main power source, the APU is started from the hot battery bus.
The booster section of the standby booster-inverter assures that standby AC power
quality is maintained during application of the heavy APU starter load. The
inverter powers those essential loads required until the APU driven generator is
energized. The EMUX system is available during this period for load control,
Once the APU is operating the the generator comes on-line, the power flows as
shown in Figure 2D. This flow will be maintained until the main power source can

provide the necessary power.

A charger is used to maintain charge on the battery when power is supplied from

the main or APU generators or from external power.

20
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4.1.4 POWER DISTRIBUTION AND CONTROL

The power distribution and control system consists of relatively short load
wires, solid state power controllers, signal sources (solid state transducers)
and an EMUX control system as shown in Figure 1. Ths signal source provides the
input stimulus to the MUX/DEMUX terminal of the EMUX system in response to a
mechanical movement (toggle switch action), pressure change, temperature change,
etc. Signal adapters are used to convert '"black box'" signals to be compatible
with the input requirements of the MUX/DEMUX terminal. The signal source con-
figuration which offers certain advantages in terms of being all solid-state,
not requiring supplemental power and providing a level of built-in-test is a
"switched impedance'" type as shown in Figure 3. The output circuit is defined
in terms of impedance levels. A fixed impedance value is given for a NORMAL

ON state and another value is given for a NORMAL OFF state. Fault modes exist
when the impedance value is either above or below the normal values. To detect
the impedance values, the MUX/DEMUX terminal provides a constant current (10 ma)
source that results in voltage levels across the input to the MUX/DEMUX unit which

are proportional to the impedance levels.

Power switching between the power bus and the load is performed by solid state
load controllers. For a single engine aircraft, approximately 400 controllers
are installed in five load management centers. Typical AC load controller distri-

bution by current ratings is given in Table 1.

The built-in-test technique described for the signal source is also included in

the controller (see Figure 3). This greatly enhances maintainability and minimizes
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the interconnect wiring needed between the multiplex/demultiplex terminals

and controllers. Fault data is provided when the following conditions exist.

0 An ON command signal is present and no load current is present.
o An OFF command signal is present .
0 An OFF command signal is present and load current is supplied to
the load.
TABLE 1

AC LOAD CONTROLLER DISTRIBUTION

LOAD CURRENT PERCENT OF TOTAL
1/2 A 56
1A 19
2-1/2 A 14.5
5A 5.5
10 A 5

This signifies a faulted controller and permits a fault sensing circuit internal
to the controller to indicate:

o An open load controller (power switch or fusible link)

o An open circuit between the controller and load

o A dead bus

o A shorted controller

o A faulted control circuit (open or shorted)




All load controllers are installed within load management centers. In

addition to the SSPC's, each center contains heat sinks, bus tie switch gear,
mounting hardware, connectors, EMUX multiplex/demultiplex (Universal) terminals
and an enclosure. The LMC is enclosed to protect against physical damage. The
SSPC mounting structure also serves as the heat sink. The LMC is a critical

area (somewhat similar to that of the EMUX processor) because it is a focal

point where a single "hit" or battle damage can result in significant loss of
capability. From this viewpoint, the LMC is even more critical than the
processor since it does not have the “complete and separate'" level of redundancy.
At the same time, it is burdened with the operational and implementation require-
ments of high heat dissipation and large quantities of signal-power interface
points for the distribution and control of power to the many loads within the
aircraft. These requirements dictate that the LMC hardware (load controllers,
demultiplex terminals and the interconnect-wire system) be very small so that the
IMC can be placed behind the avionic equipment. Although placing the LMC behind
the utilization equipment is not an essential requirement, it is very desirable
because of the survivability criteria. Consequently, the areas designed and
usually selccted for the LMC's are typically very space limited. For this reason,
it has always been a high priority requirement to minimize the size of the LMC
equipment. However, the operational and implementation methods used for the load
control and protection functions impose limits on the level of miniaturization that
can be achieved. These reside primarily in: (1) the number of wire interfaces
(signal and power), (2) the intelligence level of the individual controllers, and
(3) the power dissipation per controller module combined with the electronic
components needed in the controller to achieve its control functions. The power

controller intelligence and control requirements are as follows:
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o On-0ff Power Switch Control

[ Circuit Protection
-- Current Sense (Izt function for overload-trip function)
-- Trip Control
-- Trip Reset Control
-~ Trip Indication
o Built-In-Test
-- Turn-on Delay
-- Minimum Current Sense
-- Failed Logic
-- Fault Indication

(o] Power-Signal Circuit Isolation

The EMUX system basically consists of hardware similar to that defined for the
B-1 airplane. The main difference is the configuration of the multiplexer and
demultiplexer terminals. An advanced design uses a common terminal to perform
both the multiplex and demultiplex functions, i.e., a "universal terminal'.

In the universal terminal, any channel can be used for interfacing either a

signal source or a power controller. EMUX as generally defined, uses separate
terminals to perform the multiplex and demultiplex functions. The common con-

figuration improves design flexibility and reduces logistic support requirements.

The processor, multiplex/demultiplex terminal and maintenance panel hardware and
functions are briefly described in the following paragraphs for a single engine
aircraft implementation. Also discussed are the Built-in-Test (BIT) capability

and criteria or methods for powering-up the EMUX system.

27




4.1.4.1 PROCESSOR

Two processors are provided for redundancy, i.e., either processor controls
the entire data handling process. One processor operates in stand-by (passively
receiving data on the data bus and solving system control equations) and is
automatically switched into operation upon failure of the operating unit. Each
processor contains a Nondestruct Read Only (NDRO) memory in which are stored ail

control instructions and the switching equations associated with the control of

power to each individual load. The control instructions and equations are
programmed into the processor through a software program. Thus, changes in
control logic can be accomplished by reprogramming the processor with a paper

or magnetic tape, thereby minimizing wiring changes which need to be made in the
airplane upon incorporation of a modification. Parity check and monitor circuits

within the processor provide a continuous built-in-test capability.

4.1.4.2 MULTIPLEX/DEMULTIPLEX TERMINALS

Typically eleven multiplex/demultiplex universal terminals are located throughout
the airplane to pick up control data,,‘ and to operate load controllers and special
solid state power switches. The multiﬁlex/demultiplex terminal is totally
redundant internally and can perform both the multiplex and demultiplex functionms.
Each terminal has a control capacity of 63 inputs or 63 outputs or combinations

of 63 inputs and outputs plus one channel for BIT. The terminals are connected

to the processor by a balanced data transmission line. The data line is redundant,
consisting of a twisted-shielded pair of wires, and operates in a half-duplex mode
at a nominal one megabit rate. The data bus can also be implemented with fiber

optics. The multiplex subsystem configuration/operation is in accordance with

MIL-STD-1553




4.1.4.3 EMUX MAINTENANCE PROVISIONS

Maintenance provisions on a large airplane will typically consist of CITS

(Central Integrated Test System). In absence of CITS, a maintenance panel

might be provided; especially for a smaller, single engine airplane. The

dedicated type maintenance panel will typically consist of a printer and

associated electronics to print BIT information required by maintenance personnel.
A simplified maintenance panel provides inhibit-reset and input-output data display.
The printer and maintenance panel can be combined into a single unit. All failures
detected by the EMUX are printed out by the strip recorder. Each failure is iden-
tified by LRU (Line Replaceable Unit) equipment, its location in the aircraft and
time of failure. The quantity of data printed is a compromise between the quantity
of data required by the maintenance personnel and the ability of the airbornme unit

to store and print the data in real time.

The displays on the panel consist of a lamp which is illuminated when a channel is
inhibited and turned off when the inhibit is reset. A second lamp is provided for
data display. Selecting a terminal and channel on the thumbwheel switches causes
the lamp to be illuminated if the channel in ON (logic 1). The lamp remains OFF

if the channel is a logic "0". A switch is included to test the two lamps. Two

switches on the panel are associated with the printer control. The ON-OFF switch
controls input power. A three position switch provides for tape advance and tape

set.

4.1.4.4 BUILT-IN-TEST (BIT)

BIT is significant capability, although it does not constitute a subsystem or even

identifiable added equipment with the EMUX system. The area covered by BIT includes
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all of the EMUX, the signal sources and the power controllers including the
interconnecting wiring. An important factor contributing to the signal source

and power controller BIT is the switched impedance control signal interface
illustrated in Figure 3. The BIT includes both circuit functional checks and

data monitoring. An example of a circuit test is the power supply voltage
tolerance, i.e., an out of tolerance condition results in automatic switch-

over to the redundant power supply circuit. Other basic test techniques used

with the data handling system are command and response, parity, digital intergration

and circulating test bit.

4.1.4.5 EMUX SYSTEM POWER-UP

All the EMUX system components (processors, multiplex/demultiplex terminals
maintenance panel) are supplied power from the AC bus. The EMUX system is
effectively “hardwired" to the bus and is powered automatically whenever the bus
is powered. The primary processor is redundantly powered from AC buses located
in separated load management centers to enhance reliability and invulnerability.

Similarly, the secondary processor is powered from separate AC buses.

4.1.5 FLY-BY-WIRE SYSTEM

Critical electrical systems, such as fly-by-wire systems, can only be tailored

after aircraft system performance characteristics have been defined. Additional
levels of redundancy in the areas of power sources, feeders, power distribution
circuits, sensory circuits and EMUX hardware to obtain additional levels of

reliability and vulnerability must be designed into the basic system. A second

30




i B it 2 ._. ad

G

L

147
I
!

engine driven generator may be required on a single engine aircraft. Zero
power interruptions can only be accomplished in DC systems with batteries used
as back-up power sources. Power interruptions in AC systems can be reduced as
discussed in paragraph (5.1.7) but never completely eliminated upon loss of

the primary system.

4,2 MULTI-ENGINE AIRCRAFT

The electric system for a four engine aircraft is defined to consist of the

following:

1. Four main AC generators, each rated for 90 KVA.

2. One APU generator rated for 90 KVA.

3. Engine electric start capability.

4, Two static inverters, each rated for total AC "gapless power"
load.

5. Two batteries, each rated to provide ''gapless'" power to all loads
requiring no power interruptions. The batteries a;so power all
essential loads during the period after main system shutdown and
prior to APU start-up.

6. Nine load management centers (LMC's), each center supplied power
with two main AC (3@) feeders and one standby AC (3@) feeder.

7. The normal mode of operation is split bus with all channels
isolated and synchronized. One RH and one LH channel is in
operation, each supplying power to one half of the total load.
The remaining LH and RH channels are in standby and the APU
is OFF.

8. All channels are capable of parallel operation.
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10.

1t.

12.

13.

14.

15.

A functional

multi-engine

technology primary generators, an auxiliary power source, provisions for external

power, four main power bus management centers and two standby bus managenent centers.

Normal mode of inverter operation is '"standby' and synchronized

to the main AC buses. Time required to swtich between buses is
20 milliseconds maximum.

System loads are equally divided between bus channels 1 and 3,
and 2 and 4.

Solid state load controllers are used to control and protect all
load power circuits.

Control of power to individual loads is by EMUX.

EMUX system consists of the following:

o Four Processors

o Approximately 32 MUX/DEMUX Terminals

o One Maintenance Panel

o One EMUX Control Panel

o A Split Dual Data Bus System

Control signals are generated by '"switched impedance" type
signal sources.

System contains capability of sequentially removing individual
loads in accordance with an established priority for load
management.

Microprocessor implemented GCU for improved logic control and

self-test capability.

schematic of an advanced technology electric control system for a

aircraft is shown in Figure 4. The system consists of four advanced
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Completing the electrical systems are several load management centers
(typically 9) and an EMUX controlled power distribution system. Since

future aircraft will depend more upon electrical power, several safety

requirements are imposed on the design. The requirements relate to the

|
|
|
i
|
4

power sources, power distribution and utilization equipment which may

require more than one power input source. In general, the electrical system

provides for:

o No single failure will cause the permanent loss of more than

Seis Sy
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one generator or main bus. |
o No combination of two failures will cause the loss of all

electric power.

o Physical and electrical isolation is maintained between

major power sources and associated load management centers.

o The system will provide mission completion capability with
three generators inoperative and safety of flight with four
generators inoperative.

o Engine electric start capability.

o Buses, power conversion equipment, bus controllers and
feeder protectors are contained within a physically protected

enclosure.

4.2.1 POWER GENERATION SYSTEM

The power generation system consists of a primary AC system, a standby AC system

and an APU system.
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Primary AC System :

The primary AC system consists of four advanced technology power
generating channels (cycloconverter VSCF or IDG) which may be operated as either
isolated, split parallel or full parallel. Synchronism between all four channels

is automatically maintained in all operating modes whether isolated or parallel,

consequently, no beat frequencies are present. System logic control is performed
with microprocessors contained within each GCU. The GCU logic control provides

the following capability:

o Each generator automatically comes on the line following engine
start.

o Automatic load bus transfer upon a generator failure.

o Automatic lockout of faulted bus.

o Automatic lockout if output power is out of specified limits.

o Automatic protection for underspeed, under/over voltage, under/over
frequency, out of synchronization, over current, DC current, waveform

distortion and zero sequence voltage.

An interface to the EMUX system is provided for the purpose of obtaining data to
improve operation (automatic load shedding) and maintenance, similar to that
discussed for the single engine system. Additionally, integrated control
techniques are employed through use of microprocessor implemented GCU and EMUX

for providing generator and bus control functions.
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4,2.1.1 MAIN DC POWER

Main 28 volt DC power is not provided on a system basis as projections indicate
very little, if any, DC power will be required in the late 1980's. Specific
loads requiring 28 volt DC power can be supplied from dedicated T/R units located

within LMC's or from batteries as was discussed for the single engine aircraft.

4.2.1.2  STANDBY POWER SYSTEM

The standby power system is designed to supply MIL-STD-704 quality AC
"gapless' power for the time duration it takes to bring the APU on line in the
event of complete loss of primary AC power. The standby power system is a dual
channel system with each channel consisting of a static inverter, state-of-the-
art batteries, a battery charger, and power switching devices. Control for the
solid state (or hybrid) standby bus controllers is obtained from the standby
control unit (SCU). The SCU design and operation ensures that power interruptions
to the standby AC buses do not exceed 20.0 milliseconds under worst case conditioms.
The SCU monitors the primary AC bus electrical characteristics for any loss of
power. Should a power outage occur, the auxiliary AC bus controller is opened

and the standby AC bus is switched to the operating inverter.

4,2.1.3 AUXILIARY POWER UNIT

The auxiliary power unit (APU) is capable of ground and flight operation, and
supplies sufficient power to operate all the electrical loads including engine
start. To aid in reducing the weapon system life cycle cost, a generator of the

same type used for the main channels is used for the APU.
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4.2,2 ENGINE ELECTRIC START

Engine start is provided with the use of either IDG or cycloconverter VSCF
concepts. Electric power is supplied to an engine start bus from an external
power source or an APU driven generator during the engine start function. The
bus 1s used as a tie bus when power is supplied to the aircraft loads. Starter
operation for the multi engine system is the same as discussed for the IDG and

VSCF in paragraph 4.1.2 for the single engine aircraft.

4.2.3 POWER BUS MANAGEMENT

Power bus management consists of nine load management centers with each center
supplied power with two main AC (3@) feeders and one auxiliary AC (3@) feeder.
This provides triple redundancy for flight essential loads and dual redundancy

for mission completion loads. Fuses, circuit breakers, RCCB's and electro-
mechanical contactors are used to provide feeder fault protection and isolation.
Each standby AC bus is supplied power from two main AC buses with cross-strapping
between LH and RH sources. If the main buses experience a loss of power, the
standby buses will supply power to flight essential loads for a specified duration
via the battery powered inverters. Chargers are used to maintain charge on the
batteriees when power is supplied from the main or APU generators or from external

power.

4.2,4 POWER DISTRIBUTION AND CONTROL

The power distribution system consists of signal sources, solid state

power controllers and control with data multiplexing as was discussed for the
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single engine aircraft. However, additional processors are provided to
achieve high mission completion capability under the restrictions of data bus
termination limitation. It is expected four processors in a split data bus

arrangement will be required for a four channel power system.

Since four engine aircraft typically contains many more systems than a single
engine aircraft, the power distribution system becomes more complex. This
increased electrical system complexity is caused by the higher quantities of
load controllers, signal sources, multiplex/demultiplex terminals and associated

electrical harnessing.

Representative multiple (four) engine aircraft load controller and signal source
quantities were derived from references 5 and 6 for P-3 and B-1 aircraft. 1In both
instances, the number of load controllers required approached 1,000. Signal
source transducer data was readily available for only the P-3 (reference 5). The
approximate 470 mechanical or manual actuated signal sources for the P-3 is,
however, representative of a large conventional military aircraft. It should be
noted that the required signal source quantity is to a large extent, more
dependent on the number of flight crew members than on engine count. This is
especially true when considering the duplication of cockpit controls for the
various flight crew stations. In addition, incorporation of multifunction cockpit
control/display systems in the multiple engine aircraft will reduce the 470
discrete signal source count to approximately 320 transducers. The remaining

150 signals will be fed to EMUX over the controls/displays data bus. The estimate
of remaining transducers (320) was derived by elimination of those switch functions
defined in reference 5 which could easily be incorporated into multi-function

cockpit control panels.
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The number of EMUX multiplex/demultiplex terminals required is determined

by the number of load controllers and signal sources transducers; the utilization

efficiency of the terminals, channels, and the level of growth capacity desired.

Based on studies reported in reference 2, the expected utilization efficiency of

universal I/0 EMUX terminals is 80 percent for 64 channel terminals. Assuming a

20 percent growth factor, the number of universal EMUX terminals required is:
1.20 (1000 + 320)

EMUX Terminals = 80 x 63 = 31.43

Since a partial terminal is not available, a 32 terminal requirement is
predicted. These 32 terminals along with four processors, a maintenance panel
and a flight crew control/display panel form the basic EMUX control group. The
processors will also monitor the AMUX buses to maintain a communication link
between the electrical system and the various avionic subsystems. It is antici-
pated that capability will be provided for pilot and co-pilot to interrogate the
EMUX processor through one of the multifunction control/display panels connected
to the AMUX bus. It is recommended, however, that one EMUX dedicated (or primary

function) control/display panel be installed at the flight engineer (or equivalent)

station. This dedicated panel would permit continuous display of electrical system

status. The dedicated EMUX panel could be implemented with a standard DAIS (Digital

Avionic Information System) multifunction control/display panel with provisions for

its' termination onto all four EMUX buses.

4.2.5 POWER QUALITY ASSESSMENT

Power quality is improved in the area of voltage and frequency transients since

the power sources do not experience high load-on and load-off conditions. Faster
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clearing of faults with solid state load controllers will also enable the

transients to be minimized. The system contains '"nmo break" power transfer to

e ARl s

and from ground power. On start-up the transfer of power from ground power is

smooth and automatic. When the first generator is brought up to speed, it

B, 55

synchronizes with ground power, takes over all the load and then disconnects the
ground power. When the second generator is brought up to speed, it automatically
E synchronizes to the bus, parallels and takes over its share of the load. The two
buses are then isolated so that each generator carries one half of the total load.
The loads do not experience this power transition. Some of the specific power

quality improvements expected are:

o Voltage regulation of better than + 1 volt with up to 1/3 load
unbalance.
o Voltage and frequency transients below the limits specified in
MIL-STD-704.
j o Frequency regulation with accuracies of a few parts per million.
o Load division within 5 percent of each generator.
o Reliability is improved due to the multiple redundant feeders

i supplying power from the sources to each load management certer.

The significance of the improved power quality lies in the favorable impact on

utilization equpment. Previous studies (reference 4) have addressed this

ifinprovement.




4.2.6 FLY-BY-WIRE SYSTEM

The baseline configuration for a multi-engine aircraft will provide electrical
power with the integrity and reliability required by fly-by-wire systems. These
requirements relate to the redundancy provided in the primary system (4 genera-
tors), cross ties between primary generator systems, three feeders to each LMC,
four EMUX processors and a dual redundant data bus. The redundant "standby power
center'" minimizes the AC power interruption to 20 milliseconds maximum in the
event the primary power source is momentarily lost. Power sensitive utilization
equipment may require multiple power inputs to minimize the possibility of a power
interruption in the event of a power source loss. The equipment would contain

redundant power supplies with the outputs diode isolated.
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SECTION V

TRADE STUDIES

Trade studies and relative assessments were made of various electric system

o capabilities that can provide significant benefits to aircraft electrical
systems in the 1990 time period. Summaries are tabulated in Table 2. General-
ized advantages and disadvantages may or may not apply to specific aircraft
applications. Additional studies include power generating system trades, a
reliability assessment on the power system, a reliability assessment on EMUX

processor redundancy, EMUX integrated power control concepts and a weight

evaluation of engine electric self start capability. These studies were con-
ducted to support selection of preliminary designs for a single engine and a

‘: multi-engine aircraft.

5.1 POWER GENERATING SYSTEM STUDY

A trade study was conducted on the contending advanced technology generating

concepts. The concepts include the VSCF (cycloconverter and DC link), CSD and

IDG systems. Trade parameter data was received from generating system manu-
facturers in the form of a response to Vought's '"Request for Data Questionnaire".
Table 3 lists the questions submitted by Vought and the manufacturers response to

each question. It should be noted that the questions and responses are generalized. .F

Actual numerical values will vary in a specific aircraft application due to design
constraints imposed by the prime aircraft developer. For this reason, direct com-

parison of the numerical data must be made cautiously.

The conclusion is that generating system requirements for the 1990 time period !

{
aircraft can be met with either the IDG or the VSCF (cycloconverter) concept. !
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TABLE 3

DATA SURVEY

ADVANCED TECHNOLOGY ELECTRIC POWEN SYSTEM (SHEET 1 OF 4)

VOUGHT QUESTION

WES TINGHOUSE

1 What power generation concepl do you
envision will best meet the needs of arcraft
electric power systems in the 1980 1990 ime

petiod?
_—

2 What is weight of the above system (per
channel)
from engine mount 1o point of regulauan?
(point of regulation 15 10 #1t from power oul terninals)

VSCF (cycloconvestes)
115 200 V. 400H:

TI.J\! ‘
TODAY
Ranng (kVA) 400 600 900 1500
Diwve
Generatlur 450 520 670 90
Convertes 400 550 650 800
GCY 50 50 50 50
CTs 08 10 125 16
Feeders 83 128 200 330
QAD 30 40 40 40
O/ Cool Prov 100 110 127 160
Other
Total (Ib) 1121 1408 1749 1346
PROJECTED (1990)

Rating (kVA) 400 600 900 150
Drive
Generator 400 470 600 B850
Converter 350 500 600 750
GCcu 50 50 50 50
CT's 08 10 125 16
Feeders 83 120 200 330
QAD 28 38 38 38
Ou/Cool. Prov 95 105 120 150
Other -
Total (ib) 1014 1301 1620 2184

Cycloconverter cooling not included
Feeders Established by Vought
Gen Cooling Includes Cooler and Coolant Pump

GENERAL ELECTRIC

VSCF (cycloconverter)
115 200 V. 400

TODAY

Ranng (KVA) 400 800 900 1OV
Dive
Generatos 430 650 850 1100
Converter 450 »70 750 960
GCcu
CUs 10 10 10 10
Feeders 83 128 100 330
QAD 10 10 10 10
O/ Coul. Prov
Oer
Total {Ib) 1043 1368 1820 2410

PROJECTED (1990)
Raung (KVA) 400 600 900 1500
Drive
Generator 420 590 780 1030
Convertes 400 500 650 850
GCu -
CT's 10 10 10 10
Feeders 83 128 200 1330
QAD 10 10 10 10
0il./Cool Prov
Other -
Taral (Ib) 923 1238 1650 2230

Feeders Estabhshed by Vought
Conveiter Coohing Not tncluded
GCU Included in Converter

Gen Cooling Shared With Gearbox

SUNDSTHAND
b— e r——— e — o —— la'li
Integrated Dove Gener ato
115 200V 400 H/
P N=H SCU VLIRS U
TOLAY

Rating (AVA) P U PR T O TI D VR DAY}
Drive 340 400 570 1050
Generator 225 335 530 740
Genesator 225 335 530 740
Converter

GCu 45 45 45 a5
GCuy 082 082 13 13
Feeders 83 128 200 33
QAD 41 41 11 41
Ol Coul Prov o8 10 12 165
Other

Toal (Ib) 750 967 1411 2235

PROJECTED (1990)

Rating (kVA) PUR TR T S0 120 A
Drive 320 360 510 940
Generator 176 250 386 540
Convettes

GCu 30 30 30 30
CT's 05 05 075 07
Fecdess 83 128 200 330
QAD 20 20 20 20
On/Cool Prov os 10 12 165
Owher

Total (Ib) 641 803 1166 1884

Feeders Established by Voughit

3 Dues system have capabihity of supply electric Yes - output power i1s 115/200 V Yes - output power 1s 30 V dc Yes  output 1s assumned to be converted 1o 28 V de
power under engine windnulling conditions? If
“yes”, define output power vs engine rpm Today Projected Today Projected Tuday Projected
10% max sated rpm 0% 0% 10% 20% 0% 0
20% max rated rpm 0% 0% 20% 25% 42% 42%
30% max rated rpnf 0% 0% 25% 25% 65°% 65"
50% max rated rpin 100% 100% 25% 25% 100% 100"
4 Does system provide engine start capability? If No (being studied) Yes Yes @40 kva LLHIL 1
“ves’”. (3} Add 10% basic system weight 60kva 751
{a) How much weight (in %) 15 added to the {b) Simihar w de machine 90kva 801Ib
basic system? 150kva 150
(b) What are torque. rpm characternstics? (b) Per torque  speed cutve
S What magnetic matenal 1s used for the ‘HYPERCO 27 Today Permendur Today Cubalt vanadhum won  foday
generalon? HYPERCO 50 Projected (1990) Projected Cobalt ‘vanadiwm won  Proected
- i st O R e
6 Whats s ded speed? ( 2w01 .26.000 RPM Today 22,000 27.000 Today 18.000 rpm Today
range) 26.000 RPM Projected (1990) 24.000 36.000 Projected 24 000 rpm Projected

il
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TABLE 3

DATA SURVEY

ADVANCED TECHNOLOGY ELECTRIC POWER SYSTEM (SHEET 3 OF 4)

VOUGHT QUESTION

be used
atings?

10 Would the same conlant sysl
soddesit oF Ggenerator syst

i
17 What typee ol technobogy 15 1ecun
bus contrulter (e contactor) tun
State clectromethanmcal ve hybid?

whedd to
un? Suhd

the

18 What contiul power charactenstics (voltage &
curent) are recommended for the bus
controlies?

19 Wil system meet requirements of Mil Std
a617

20 What s MIBF and MITR tos?

Converter

Geu

ve capabibity of operating

fault current (% rated)
OO 1o gen tnp?

lable 10 per the use of a

bus contr

numinal
e generaling
1980 1990 tme penod? (1 e
115 200 V. 400 Hz 800 Hz 230 400 V. 400

WESTINGHOUSE

GENEHRAL ELECTRIC

Elcctiomechamical

—nt

SUNDS TRAND

Elcctromechanical

8 10 20 vdc 28 v 15 10 56 volts
410 16 walts 20 amps 210 15 amps
D e 18 cTE el e L e I e TR
Yes Yes Today Yes
Projected  Yes
MIBF (Hours) MTBF (hours)
Today Projected Today Piojected Today Piojecied
5.200 20.000
12.000 24.000 15.000 30.000 13.000 20.000
5.200 10.000 10.000 20.000
30.000* 33.000" 4.000 10.000
MTTR (hour)** MTTR (hours) MTTR (hows)**
Today Projected Today Piojected Today Projected
20 10
8 8 7 5 6 NA
3 27 3 2
2 18 4 3
* *Perforimed at depot “*Performed at depot, includes dive and generator
“lmproved LS| parts as one vtnruc«
Yes Yes ‘Yes
(a) None {a) 1% of basic system weight {a) One pound per channel
(b) Exgtnt (b) Unhimited {b) No hmut

2 PU current for 10 seconds
(can be designed 1o meet any requirement)

3 PU current for 5 seconds

3 10 4 PU current for 10 seconds

Yes
(a) Yes. thus type of control is presently employed
mn cycloconverters to himit cuirent

Yes
(a) Yes

Yes

R o

1157200 V, 400 Hz
800 Hz 15 oo Ingh for converter

230. 400 V is too high for SCR 1o be used in converter
270 V dc not practical for near future because of
development work needed

115,200 v ac. 400 Hz

115.200 V ac 400 Hz
2307400 V ac 400 Hz
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Specific aircraft requirements will generally establish the concept to be

used. An advanced IDG design offers some advantages over the cycloconverter
VSCF system in the areas of size and weight. A weight comparison of typical
systems is shown in Figure 5. It is noted that the data submitted for the

IDG are for 1.75 P.U. overload rated systems. A 2.0 PU rating will

result in some increase in weight, although it still will be below the

VSCF weight. A description of an advnaced technology 90 KVA system

is given in Appendix A. The IDG system also provides a high degree of
confidence in terms of low technical risk since it is a design of mature
technology. The cycloconverter VSCF system offers some improvements

in power quality (precise frequency, no frequency transients, short duration
voltage transients) and a potential for higher reliability, weight reduction and
lower life cycle costs. These attributes are primarily in the converter area
where frequency conversion and voltage regulation are performed with solid state
components. Manufacturer supplied data (see Figure 5) also indicates a smaller
weight increase per KVA as system ratings increase. Lowering power dissipation
and improving semi-conductor cooling techniques are the key to optimizing the

VSCF system since semiconductor reliability is highly influenced by temperature.

The CSD (drive separate from generator) is not considered a candidate system
for new aircraft designs even though these systems are operating on present
day aircraft. The CSD system does not provide the desired low weight

of either the IDG or VSCF systems. Also, the DC link VSCF concept

has not progressed enough to be considered a viable candidate system for the

1990 time period. The High Voltage DC (HVDC) generating system was not
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evaluated as a candidate system in this study as this technology is currently ;
being evaluated under on-going Navy R&D programs. However, it should be noted
that HVDC may offer high quality power at the lowest life cycle cost since neither
a drive nor a converter is required (assuming all loads are HVDC). Other
advantages of HVDC are ease of paralleling multiple power sources, ease of

providing true 'gapless' power and ease of implementation the feeder fault

isolation function, i.e., use of rectifiers. Two problem areas are the difficulty
in clearing faults (severe arcing with electromechanical components) and the

unavailability of HVDC utilization equipment.

The PMG system offers size and weight reduction over the wound rotor generating
system with an improvement in reliability resulting from its relative simplicity.
The PMG technology also allows design simplification in implementing the starter/
generator function since the excitation problem associated with wound rotor systems
(especially at zero speed) is eliminated. The PMG system also has its drawbacks.
Since field excitation is uncontrolled, severe fault currents, as high as 15 PU
rating, can be generated. For safety reasons, a means for physically disconnecting
the system from the prime mover must be provided. To prevent possible damage to
the prime mover or to the PMG system, a quick means for disconnecting with reset

capability should be provided.

The losses in a PMG system differ from those in a wound rotor system. In a wide
speed range application the iron losses in a wound rotor system are essentially
constant over the speed range since the voltage is regulated to stay constant. Also,

the iron losses increase with an increase in load because the flux increases. 1In the

PMG system, the iron losses increase with speed since the voltage is not regulated,




and decreases with an increase in load since the flux level is reduced by
armature reaction. The total losses (windage, excitation, iron) are less for

a PMG system than for a wound rotor system.

Low voltage DC power (28 VDC) was the primary electrical power source on early
aircraft. As utilization equipment power demand increased, the demand for 28
VDC power relative to AC power has diminished to a level that an all AC system
can be projected for the 1990's. Obviously, some 28 VDC power will still be
required in the 1990's but this will be for "special" load conditions which can
be supplied more efficiently than on a system basis. Typically, this can be

accomplished as follows:

In the first approach, a conventionally hardwired power connection can
be provided from a battery to the appropriate load such as a communica-
tion set "black box'". The power wire would be protected by a '"normally
closed" solid state power controller. This permits delivery of power
independent of EMUX while allowing control of the SSPC after EMUX is
powered up. The battery used as the power source is the same battery
used to start the APU and to provide a short term "uninterrupted"

power bus.

The second approach is to use self contained batteries for a backup
power source. In this concept, a small rechargeable battery is
installed in (or adjacent to) the associated black box. When
available, bus power is supplied to the equipment from the EMUX

controlled source. This self-contained battery approach is acceptable

deido b tie g sl
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as long as the number of loads requiring back-up power is small
and other operational requirements do not dictate installation of

a large battery.

A third concept is to install transformer rectifier units within
load management centers to power 'localized" DC loads. Here again,

it is assumed the DC load demand is low.

An aircraft with either fly-by-wire or engine self-starting (or both) will

virtually ensure the installation of a reliable, instantaneously 'energized"

backup power source. These characteristics are difficult to achieve unless the
source is DC. However, it is advantageous from an overall system integration

viewpoint to convert this power to AC.

By standardizing all bus management and power distribution hardware on either AC
or DC, significant savings can be achieved in electrical system life cycle costs.

These cost savings result from:

o Lower system weight by eliminating secondary power converters,
feeders, buses and switching hardware.

o Increased reliability and reduced maintenance actions, through
elimination of the above equpments.

o Lower logistic cost by eliminating the secondary power hardware
and reducing the number of different load controller types.

o Permits sufficient standardization of load controllers to simplify

the Integrated Load Management Center concept.

These benefits can be achieved by standardizing on either 115 or 230 volts AC or

on a comparable DC voltage level.
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The potential advantages to standardization on DC power lie predominately

in lower avionic power supply weights and simplified power source isolation .
and paralleling. Acceptance of high voltage DC at this time, however, is

limited by industry confidence in low technical risks. Since minimal risks

are foreseen from selection of an AC standard, an AC system is best for the

preliminary design.

The major power generation subsystem question which still remains is the impact
of fly-by-wire reliability and vulnerability requirements. These requirements
can only be tailored once the aircraft system performance characteristics have
been defined. At this point, the best study approach is to define the level of
reliability available with the selected power system and provide options for

improvement if the levels are considered insufficient.

5.2 RELIABILITY ASSESSMENT OF POWER SYSTEM

A study was conducted to determine the significant parameters which impact the
electrical system reliability. This was done by allocating the system failure
rate among three major subsystems; power generation, bus configurations and power
distribution. It should be noted that the requirements given in sections 3.1 and
3.2 for mission completion and safe return of aircraft were goals to be achieved.

Furthermore, the requirements should be considered as typical since specific

aircraft missions will dictate specific reliability requirements.




The reliability requirements (see 3.1 and 3.2) for delivering power to a bus ‘

and to all utilization equipment on a single and a multiple engine aircraft L

summarized as follows:

|
Probability of Success |
Single Engine Multi-Engine
Aircraft Safe Return - Bus .9998 .99995
. ~ All .998 .991
| Equip
! Mission Completion - Bus <995 .9998
- All .990 .980
Equip

3.2:1 POWER TO BUS

A reliability assessment was made on several power generating system configura-

tions to establish the minimum number of generating channels required on a
multi-engine (4) aircraft to meet the required reliability goals. Since the
number of channels is primarily influenced by mission completion requirements,

the assessment provides insight into an optimum arrangement. Figure 6A through
6H depict reliability block diagrams for the significant (failure prone) hardware
of eight configurations for a four engine aircraft. The block diagrams illustrate

the primary AC and, when applicable, secondary DC portions of the main power

system. The top reliability block of each diagram represents a series connection

of the turbofan engine (MIBF A2 600 Hrs) and the AC generator (MTBF oz 1000 Hrs)
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for an equivalent primary power source MTBF of 375 hours. The 600 hour MTBF

for the turbofan engine represents failures resulting in maintenance action.
While very few of these maintenance related failures would result in loss of
generator rotation, use of the 600 hour rate yields very conservative reliability
predictions. Furthermore, accurate determination of a failure rate from loss of
engine rotation was beyond the scope of this study. Tables 4 and 5 summarize the
probability of mission success, the effective failure rate and the effective MTBF
for the primary and secondary subsystems in the eight multi-engine configuration
options. These values are based on a 6 hour mission time. As shown in Table 3,
transition from a four generator system to a three generator system results in
increasing the failure rate (decreasing reliability) by an approximate factor

of 60. However, the reliability of the three channel system is still very high
(0.999996). The two generator system suffers a two to three order-of-magnitude
increase in failure rate of the four channel system and yields a reliability of
0.999748 which is below the 0.9998 goal established. For this reason, the two

channel power system was dropped from further consideration.

Table 5 compares the reliability parameters for various secondary (DC) subsystem
options. This table reveals that for a three or four T/R unit system, the DC
system reliability is determined virtually by the AC power system reliability
and not by the power conversion hardware. When a two T/R unit secondary system
is selected, an approximate 50 percent difference in overall power system
reliability occurs. This difference becomes more prominent as the primary power
system reliability improves. Figure 7 depicts this trend by plotting the DC
power bus equivalent MTBF versus generator system MTBF. As shown, at the 1000

hour MTBF used for the generator, a bus MTBF for the two T/R unit system is
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approximately 70 percent of the three T/R system MTBF. At 10,000 hour

generator MTBF, the two T/R system MTBF decreases to 45 percent of the three

T/R system. A similar relationship of increasing degradation would occur as the

engine MIBF is increased from the 600 hour assumed base.

To maximize the improvement in bus reliability due to primary power system
reliability improvement, a three T/R power conversion system is preferred over

the dual T/R system.

Complete elimination of the secondary power buses should, however, be pursued.

Based solely on reliability trades, the main power system shown in Figure 8 is

the best for the four engine aircraft and easily meets the nominal mission com-
pletion probability of 0.9998. Significantly higher or lower mission completion
requirements from those assumed will influence the recommended configuration for
any specific aircraft application. It is noted that the mission completion
probability of 0.999996 is conservative in comparison with other critical aircraft
subsystems such as fuel transfer, hydraulics, propulsion, structures, etc.
Finally, the number of channels used on a four engine aircraft is influenced

by factors other than reliability. The reliability requirement, however, does
establish the lower limit on generator quantities. The upper limit on generator

quantities is influenced by such factors as:

o Aircraft weight and balance restrictions

o Available istallation space
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For these reasons, any optimum generating system is subject to change with

each specific aircraft application or mission.

A reliability assessment was also made on a single engine power generation

class, the number of generator system configurations is minimal. Figure 9

illustrates a reliability block diagram for the only reasonable hardware

configuration. This diagram depicts the system interrelationships for both

o Type of engine starting system (electric start may imply

starter/generator on each engine)

o Electric load

Since only one main prime mover (engine) is available in this aircraft

the main and emergency power sources. The top reliability block in each of the
two subsystems contains the generator hardware plus the prime mover. The prime
mover for the main system is the aircraft engine. This prime mover has a
predicted MTBF of 600 hours. The emergency system prime mover is an APU with a
1000 hour MTBF. As shown in the figure, the probability of miséion success (main
generating system) is slightly short of the 0.995 goal defined in paragraph 3.1.
This low reliability is due primarily to the "low" engine MTBF of 600 hours.

With this engine MIBF, a generator system’MTBF of 7228 hours minimum (likely
attainable) is required to meet the 0.995 requirement. Likéwise, with a
generator MIBF of 1000 hours, the engine MTBF would neeﬁ to be greater than 1242
hours to provide the 0.995 reliability. It should also bé noted that with a 1000
hour MTBF generating system, the main electrical system reliability is 0.997 when

the engine failures are excluded.

As also illustrated in Figure 9, the probability of safe return (emergency system)

is well within the 0.9998 goal with an estimated reliability of 0.99998039.
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5.2.2 POWER TO UTILIZATION EQUIPMENT :

In order to establish the reliability for delivering power to the utilization
equipment, the level of reliability degradation imposed by the power distri-
bution system needs to be determined. This degradation, however, is a direct
function of the number of systems or circuits required for aircraft safe return
and mission completion. A simplified estimate of this degradation is derived
by assuming a linear relationship between power distribution failure rate and
the number of circuits required. This simplification is reasonable if any

failures from common hardware such as EMUX processors, data buses, etc., are

accounted for at the bus management level. The linear estimate also assumes

that an "average" power distribution circuit can be defined to determine a
representative failure rate per circuit. Figure 10 illustrates reliability
block diagrams for representative conventional and advanced technology (solid
state) power distribution circuits., Figure 11 is a plot of power distribution
system reliability versus the quantity of circuits. Estimated circuit quantities
required for aircraft safe return and mission completion circuits for a single
engine and a multiple (four) engine aircraft are identified on the figure. The
point estimates yield the reliability requirements for the power distribution
systems shown in Table 6. The probability of delivering power to loads can now
be calculated by combining the reliability of the distribution system with the
reliability of power at the buses. These values are shown in Table 6. It should
be emphasized that the reliability values shown in Table 6 apply to supplying
power to all the loads. The table also shows the improved reliability of the
advanced technology power distribution system over the conventional system,

especially when mission time is long as is typical for multi-engine aircraft.
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5.2.3 FLY-BY-WIRE SYSTEMS

{
{
\
4
4 Fly-by-wire aircraft depend on the electrical power system for flight control

which requires higher reliability and much faster transfer to back-up power.

In general, a power system for a fly-by-wire aircraft consists of:

R

0 Main generator(s) installed on the engine pad with the generator(s)
rated for total electrical load.

3 0 An APU driven generator for emergency power.

o A battery power source for the time period between main power

loss and start-up of the APU system or for added reliability

through redundancy.

A gross analysis of the general level of power system reliability that can be
expected from this arrangement for a single engine aircraft is shown in Figure 12.
This analysis assumes ballpark component MTBF's of 1000 hours for the generator
(including GCU's) and the APU, and an estimated 100,000 hour MTBF for in-flight
loss of engine rotation. In addition, a 2.5 hour mission time is assumed for
the single engine system. As shown on the figure, electrical power should be
available with a probability of 0.99999998. This probability does not account
for a momentary power loss which will occur during switchover from main to the
APU in the event of a main power loss. The purpose of the battery power source
is to maintain power during this switchover period. The probability that power
is available either from the main source or from the battery/inverter source is
0.99999983 as shown in the figure. This probability will reduce if the APU

start-up time is extended or if the APU fails to start.
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Equating these probabilities to FBW requirements results in the following:

o MIL-F-9490 requires a maximum aircraft loss rate due to flight
control system (or supporting subsystem) failures of 100 x 1()-7
losses per flight hour for MIL-F-8785 Class I, II or IV aircraft.
(Most single engine aircraft are Class IV.) This loss rate equates
to an equivalent MTBF of 100,000 hours.

o If one assumes that the power system reliability should be at least
an order of magnitude higher than the flight control system, then
an electrical power equivalent MTBF of 1,000,000 hours is required.

o For the 2.5 hour defined mission time, the 106 hour MTBF equates
to a power system reliability requirement of 0.9999975. This level
is within the 0.999999 probability derived for the system configuration

shown in Figure 12.

The FBW reliability requirements for Class III (heavy bombers) aircraft are more
stringent. For these multi-engine aircraft, a loss rate of less than 5 x 10—7
is required which equates to an equivalent MTBF of 2,000,000 hours. The
electrical power for these aircraft requires a 2 x 107 hour equivalent MTBF

or a reliability of 0.9999997 for a 6 hour mission, This level is attainable

with a four channel system as can be seen in Table 4.

Another technique for improving the reliability and assuring "no-gap" power is
shown in Figure 13. Basically, redundant power distribution circuits are
provided from two or more LMC's, depending on the reliability required. The

FBW equipment contains an equal number of power supplies with their outputs
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4 ; ¢ AT et 8
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